Cell wail turnover was examined in parent and mutant strains of Staphylococcus aureus. Peptidoglycan and teichoic acid were observed to undergo turnover in the wild-type strain during exponential growth; however, the rate of turnover did not decrease when the growth rate slowed, as the culture entered stationary phase. Isolated native cell walls and crude soluble autolytic enzyme were prepared from cells harvested during exponential and postexponential phases of growth. Native cell walls from both phases of growth autolyzed in buffer at identical rates; imilarly, crude soluble enzyme from both preparations degraded radioactive cell walls at the same rate. Therefore, the activity of the autolysin in both exponential and postexponential cells was similar. The autolysis of whole cells of a mutant tar-i was enhanced by 1.0 M NaCl. When 1.0 M NaCl was present under growing conditions, the rate of cell wall turnover was greatly increased. The presence of chloramphenicol, which inhibits whole-cell autolysis, also inhibited turnover. Analysis of the cell wall material recovered from spent medium revealed products consistent with the known mode of action of the endogenous autolysin. It is concluded that cell wall turnover in S. aureus is independent of the stage of culture growth but is dependent instead on the activity of the autolysin.
A relatively new finding in the metabolism of bacterial cell walls is the occurrence of turnover. Although it has been demonstrated in a variety of bacteria, such as gram-positive (18) and gramnegative (9) cocci and gram-positive bacilli (1, 13) , the regulation and physiological function of cell wall turnover remain unclear. To elucidate this process, turnover was examined in Staphylococcus aureus in exponential and postexponential growth in the parent strain and in a number ofwell-characterized mutants. Evidence is presented that the rate of cell wall turnover is determined by endogenous autolytic activity of the cell and is independent of growth or surface enlargement.
MATERIALS AND METHODS
Bacterial strain and growth media. The isolation and characterization ofthe streptomycin-resistant parent strain S. auresu H (Sm') and the salt-activated autolysis mutant 62A5 carrying tar-i were described previously (2, 7) . Stock cultures were maintained on brain heart infiusion (BBL) agar slants All strains were grown in PYK broth (2) supplemented with 0.4% glucose (vol/vol) at 37°C on gyratory shakers (170 Growth and labeling of cells. Overnight cultures were diluted 1:30 in fresh medium. Growth was monitored by determining turbidity in a Gilford 300N spectrophotometer at 585 nm with 1-cm-path length cuvettes. The peptide chains of peptidoglycan were labeled with L-lysine or glycine, whereas the glycan chains of peptidoglycan and the N-acetyl-D-glucosamine (GlcNAc) substituents of the cell wall teichoic acid were labeled with radioactive GIcNAc (18) as described in each figure legend.
Analysis for cell wall turnover. The method of analysis for cell wall turnover was described previously (18) . Essentially, suitably labeled cells were suspended in a sufficient volume of nonlabeled medium such that the initial titer was less than 8 x 107 colony-forming unite per ml. At intervals, samples were removed, the cells were fractionated by the procedure of Park and Hancock (14) , and radioactivity was determined as described previously (18) . The loss in radioactivity relative to the initial (O min) sample was taken as the measure of turnover.
Determination of autolysin activity. The autolytic potential ofS. aureus was examined by measuring the lytic rate of intact cells and by directly assaying the activity of crude autolytic enzyme preparations. Lysis of whole celLs was determined by monitoring the decrease in optical density (OD) at 586 am. Isolation 556 WONG, CHATTERJEE, AND YOUNG cause autolysin is present both as an insoluble form tightly associated with native cell walls and as a soluble form in cytoplasm (4) . Native ceU waUs were prepared from S aureus H cells by mechanical disintegration with glass beads in a liquid CO2-cooled chamber (2) . Whole cells and glass beads were discarded after a low-speed centrifugation (3,000 x g, 5 min at 4C). CeU wals were pelleted by centrifugation (12, 000 x g, 15 min at 4°C), suspended in tris(hydroxymethyl)aminomethane (Tris)-hydrochloride buffer (pH 7.4, 0.1 M), and used immediately for the study of lysis. In these experiments the activity of the insoluble autolysin was determined by measuring the change in OD at 585 nm. The 12,000 x g supematant containing soluble autolytic enzyme was centrifuged at 105,000 x g for 30 min, and the sedimented material was discarded. The soluble fraction (105,000 x g supernatant), containing 3 to 5 mg of protein per ml as determined by assay (12) , was used immediately as the source of soluble autolytic enzyme. The cell wall substrate was prepared from S. aureus H, grown for five generations in PYK broth consisting of [3H]-GlcNAc (specific activity, 3.0 ,uCi/mol; 10 XCi/ml). More than 95% of the radioactivity incorporated by the ceUs is in the cel waUs (18) . The 3H-labeled peptidoglycan was isolated by the fractionation procedure of Park and Hancock (14) . After four water washes, the peptidoglycan was resuspended in water (3 mg/ml; 3 x 105 cpm/mg) and stored at -20°C. To measure the activity of the soluble autolysin, 0.1 ml of the 3H-labeled peptidoglycan was incubated with 0.4 ml of soluble autolytic enzyme at 37°C. At intervals, 0.5-ml samples were withdrawn and added to 2 ml of water. This mixture was immediately placed in a boiling-water bath (2 min) and was membrane filtered (0.45-Mm pore size; HA type, Millipore Corp.). A sample of the filtrate was added to toluene-based scintillation fluid containing Triton X-100 (for the determination of enzymaticaUy released radioactivity). In controls with boiled enzyme, radioactive peptidoglycan was not released.
Isolation and analysis of cell wail turnover products. Spent culture supernatant was membrane filtered (0.22-,um pore size; GS type, Millipore Corp.) and heated to 90°C for 10 min to preclude the further degradation of cell waU material. The filtrate was lyophilized, suspended in 10 ml of pyridine-acetate buffer (0.01 M, pH 7.0), and fractionated on Sephadex G-25 (2.5 by 950 cm), using the pyridine-acetate buffer for elution. Tubes between the void volume and the salt peak were pooled, lyophilized, and suspended in 5% trichloroacetic acid. Insoluble material was discarded, and the clarified solution was extracted five times with equal volumes of ether to remove trichloroacetic acid. A sample was fractionated on a column Dinitrophenylated derivatives of amino acids were made by the procedure of Ghuysen et al. (6) and were identified by paper chromatography (10) . Quantitative amino acid and amino sugar analyses were performed on a Beckman amino acid analyzer (19) after hydrolysis under nitrogen in 4 N HCI at 1020C for 11 h.
Reduction with NaBH4 was done according to published methods (6) . Muramic acid and muramitol were separated by descending-paper chromatography (Whatman 3MM) for 48 h with n-butanol-glacial acetic acid-water (3:1:1, vol/vol/vol) (17) . The radioactivity of 1 (14), and the radioactivity of the various fractions was determined. As analysis is undertaken on a fixed volume of culture, a loss in radioactivity in any fraction would be indicative of turnover. There was an immediate and progressive loss in the radioactivity associated with peptidoglycan, and after 30 min a similar loss associated with teichoic acid was observed (Fig. 1) . The initial rise in incorporation of [3H]GlcNAc into teichoic acid was probably due to the difficulty of adequately chasing precursors into cell wall teichoic acid and has been noted previously (18) .
Kinetics of turnover were first order, with both cell wall polymers having identical halflives of approximately 2 h. In contrast to Bacillus subtilis (13) and Lactobacillus acidophilus (1), the rate of turnover did not decrease after the culture was past the exponential phase of growth but was maintained into stationary phase ( Fig. 1 ). This documented that in S. aureus turnover is not dependent upon cell growth.
Because no loss could be observed in the radioactivity associated with protein fractions when amino acids were used to label cells, cell lysis was not a factor in decreasing the radioactivity of peptidoglycan and teichoic acid.
Autolysin activity in exponential-and postexponential-phase cells. Similar autolytic enzyme activity in both exponential and postexponential cells may explain the maintenance of identical rates of cell wall turnover; therefore, autolysin was assayed at both stages of growth. Because the active autolysin in S. aureus H is found in an insoluble form associ- ated with native cell walls and in a soluble cytoplasmic form, cells were fractionated as described above to recover both forms of the enzyme. Native cell walls containing the insoluble autolysin fraction were resuspended in 0.1 M Tris-hydrochloride buffer (pH 7.4), and lysis was monitored by the decrease in OD. Identical rates of autolysis were observed for exponential and postexponential native cell walls (Fig. 2) . Because it is not possible to quantitatively dissociate active autolysin from native cell walls, no statement concerning the specific activity of the insoluble autolysin fraction can be made; however, the apparent activity of both preparations, as judged by the rate of autolysis, is the same. This is particularly significant as the cell walls of S. aureus are known to thicken as stationary phase is approached. To assay soluble autolysin, preparations were incubated with radioactive peptidoglycan, and the release of label was used as a measure of the activity of the autolysin. As shown in Fig. 2 (Fig. 3) . When cells similarly grown were suspended in buffer containing 1.0 M NaCl, the rate of autolysis remained constant for approximately 1 h, followed by a marked increase in the rate and extent of lysis, demonstrating the activation of the autolysin by added salt (Fig. 3) . radioactivity in peptidoglycan and protein fractions was determined. When the autolytic enzyme was activated by the presence of high salt, the loss in radioactivity associated with the peptidoglycan fraction was more than three times that of the culture without added NaCl (Fig. 4) . Because there was no measurable loss in radioactivity associated with the protein fractions, the observed effect was not a result of cellular lysis. Doubling times of tar-i with and without added NaCI were similar (Fig. 4) , clearly showing that the acceleration in turnover is not related to an increase in growth, but is attributable to the increase in the activity of the autolysin. Unlike the parental strain, tar-i demonstrated a lag of approximately one to two generation times before achieving a constant rate of turnover (Fig. 4) . In autolysis experiments, a similar lag before lysis was eliminated by pregrowing tar-I in salt-containing medium (Fig. 3) ; however, when salt-grown cells were resuspended in fresh medium for the study of turnover, the lag in turnover was still observed (data not shown). The reason for the lag in tar-i remains unclear. A smilar lag before turnover was observed in B.
subtilis (15) and L. acidophilus (1) .
Inhibition of turnover in tar-1 by CAP. Induction ofunbalanced synthesis by amino acid deprivation or treatment with protein synthesis inhibitors has been shown to inhibit autolysis (16) . Figure 3 shows that lysis of tar-I was blocked by the growth of cells in the presence of CAP, even when optimal autolysis conditions were used (37°C, 0.1 M Tris-hydrochloride, pH 7.4, contining 1.0 M NaCl). It was of interest to determine whether CAP exerted a similar inhibition of tumover. Figure 5 shows that tar-i can achieve a very rapid turnover rate of 50% per generation (parental strain H, 15% per generation); however, turnover is completely blocked in the presence of CAP. Therefore, CAP, which inhibited cellular autolysis, also inhibited cell wall turnover.
Analysis of cell wall recovered from spent medium. tar-i was labeled in a defined mediuim composed of low-molecular-weight compounds (17) ,uCi/ml). After three generations, cells were harvested by centrifugation and suspended in fresh unlabeled defined medium. After four generations, the culture was centrifuged, and the supernatant was retained. The spent medium, containing cell wall turnover products, radioactively labeled in both the glycan and peptide moieties, was filtered and then desalted on Sephadex G-25 as described above. A peak containing more than 70% of both labels was analyzed by an amino acid analyzer. The yield of cell wail was consistent with the theoretical yield calculated from the turnover rate as measured by the loss of radioactivity from the peptidoglycan fraction of the growing cells, the percent recovery of radioactive material from the medium, the quantity of medium used, the cell density, and the assumption that the cell wall is 20% of the dry weight. Although the recovery of hexosamines was low, probably due to destruction during hydrolysis (19) , the composition of the turnover fragments was similar to the composition of the cell wall of this teichoic acid-deficient mutant (Table 1) . Non-cell wall amino acids were present in small amounts, and it is noteworthy that these compounds, particularly aspartic acid, threonine, and serine, are common contaminants in isolated cell walls ofS. aureus. After reduction of an unhydrolyzed sample of peptidoglycan from spent medium with sodium borohydride, the ratio of muramic acid to muramitol indicated a chain length of 14 disaccharides. Analysis of the turnover fragments revealed only dinitrophenylated alanine. The presence of N-terminal alanine was consistent with the action of the amidase. Because N-acetylmuramic acid-L-alanine amidase (EC 3.4.12.5) splits intact cell wail peptide from glycan backbone, it should be possible to separate turnover fragments into a glycan-rich fraction and a peptide-rich fraction. Turnover fragments were applied to Dowex 50 x 8 (H+ form) and were eluted stepwise with c water and 4 N HCl as described above. In view OD ofthe enrichment in the molar ratios of muramic acid and glucosamine, the water eluant appears to be predominately glycan backbone depleted 5 in cell wail amino acids: however, the molar ratio of glycine was lower than anticipated ( Table 2 ). The acid eluant was enriched in cell wail amino acids in a ratio characteristically found in the peptide moieties of peptidoglycan (Table 2 ). These observations are consistent with the action of an amidase. (8, 13) , L. acidophilus (1), and B. megaterium (13) , have suggested that turnover is dependent upon surface enlargement because the transition from exponential to stationary growth is accompanied by a commensurate slowing in the turnover rate. Similarly, the rate of turnover is found to be proportional to the doubling time in experiments utilizing media that support different rates of growth (1, 13) . In contrast, there is no relationship between cell wall turnover and growth in the gram-positive coccus S. aureus. Thus, Fig. 4 and 5 showed that cells of tar-i resuspended in fresh medium had a lag in turnover without a similar lag in growth, and Fig. 1 revealed that cultures may enter stationary phase without a change in the rate of turnover. Therefore, we propose that in S. aureus the rate of cell wall turnover is determined by the activity of the endogenous autolysin for the following reasons. (i) Exponential-and postexponential-phase cells, which have identical cell wall turnover rates, have very similar autolytic enzyme activity. (ii) When autolysin in tar-i was activated by the presence of high salt, more than a threefold increase in the rate of turnover was observed. High salt had no effect on the rates of either lysis or turnover in the parental strain H, where salt activation of the autolytic enzyme does not occur. (iii) The products of the cell wall turnover from spent medium of tar-i were consistent with the cleavage products of an N-acetylmuramic acid-L-alanine amidase (EC 3.4.12.5), which is the only detectable autolysin in the strain (7) . (iv) Induction of unbalanced synthesis with CAP, a condition known to inhibit autolysis, also prevents turnover. (v) In a previous study we observed that cell wall turnover does not occur in RUS-3, a mutant of S. aureus H that is deficient in autolytic enzyme (4).
During growth, there was no cellular lysis as evidenced by the release of radioactive protein or an abrupt decrease in OD. Nevertheless, fragments of glycan and peptides were released from the cell wall. This observed first-order kinetics that is maintained for over five generations, resulting in a loss of more than 90% of the cell wall, indicates that all portions of the cell wall are available for turnover (Fig. 4) . Because it is unlikely that there is an osmotically protective portion of the cell wall that is permanently immune to turnover, the biosynthesis of the cell wall must keep pace with turnover. Despite the turnover of cell wall that is related to the activity of the N-acetylmuramic acid-L-alanine amidase, few N termini were detected in native cell walls J. BACTERIOL. of S. aureus (17) . One possible explanation is that the amidase may act as both a cell wall hydrolase and a transamidase as postulated earlier (3, 18) . Alternatively, there may be a precise regulation of cell wall turnover, resulting in the removal of the entire cross-linked peptide from the wall in one step, thus precluding the presence of N-terminal alanine. Whether the extent of cross-linking can regulate turnover is uncertain; however, it is of interest to note that the amount ofglycine in the glycan-enriched portion of the turnover fragments (Table 2) is one-half that of the peptide-enriched fragments. Studies are in progress to elucidate whether the architecture of the chemical cross-linking may play a significant role in determining the location of the segment that undergoes turnover.
The differences in the pattem of turnover between bacilli and cocci may reflect a dissimilarity in the mode of cell wall metabolism necessary to generate the two morphologies. In this regard, it is noteworthy that bacilli maintain a single division plane that theoretically allows conservation of caps, where extensive modification after synthesis may not be required for the next division (5) . The bulk of turnover may, therefore, occur along the cylindrical surface, where the majority of surface enlargement occurs, giving rise to the observation that turnover is a growth-related process. Because turnover in S. aureus is not related to growth, this process cannot be a requirement for the synthesis of new cell wall. We speculate that cells that are undergoing division and have completed membrane septation may affect cell separation by cleavage of the adjoining cell wall. This focal hydrolysis of cell wall results in turnover. Separation and, therefore, turnover may occur without a concomitant increase in culture mass, thus explaining the maintenance of turnover at identical rates in exponentially and postexponentially growing cells (Fig. 1) . S. aureus, which may be visualized as two caps without an interposing cylindrical section, divides in multiple division planes, disallowing the conservation of caps through succeeding generations. Cleavage through the caps and through the more newly synthesized septa would be necessary for cell separation. A role for turnover in cell separation would explain our previous observation that both old and newly synthesized cell walls of S. aureus turn over with equal facility (18) . In contrast, cell walls of the bacilli B. subtilis (13) and L. acidophilus (1) must "age" before becoming available for tumover. Our speculation that cell wall turnover functions in separation in S. aureus is supported by the following observations: (i) tar-i, induced to undergo rapid turnover by NaCl, grows in significantly smaller cluson July 9, 2017 by guest http://jb.asm.org/ Downloaded from ters than do non-salt-grown cultures; and (ii) RUS-3, which does not undergo cell wall turnover, grows in larger clusters than does the parental strain H. Studies are now in progress examining the rate of turnover in relationship to cluster size and cell wall synthetic rates, in an effort to shed further light on the regulation of turnover and the role of autolysin in cellular economy.
